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Mouse spermatogenesisMeig1 is a mouse gene, abundantly expressed in the testis. It encodes two alternative transcripts that are
expressed differentially in the somatic and germinal compartments of the testis. These transcripts share the
same coding region but differ in their 5′ un-translated regions, due to alternative promoters. Here we show
that MEIG1 is a highly conserved short metazoan protein with a conserved core of 81 residues. It is present
from chordates to radial symmetry animals, with an intriguing absence in insects and nematodes. It is also
present in two earlier diverging protist lineages. To elucidate the role of MEIG1 during gamete production we
established a knockout mouse line by eliminating the common coding region. Our results identiﬁedMeig1 as
a critical spermatogenic gene, whose absence results in complete male infertility. Seminiferous tubules in
Meig1-null males contained all early stages of spermatogenesis, up to elongating spermatids, but mature
elongated spermatids were absent. Accordingly, the caudal epididymis was apparently missing spermatozoa,
and the very few spermatozoa-like cells that were obtained were immotile and exhibited a wide range of
severe morphological abnormalities. These results point at late spermiogenesis as the differentiative stage at
which MEIG1's function is crucial. Nevertheless, delayed kinetics of earlier meiotic stages together with
increased apoptosis of meiotic spermatocytes and haploid round spermadids in Meig1 knockout males,
suggest involvement of MEIG1 in meiotic stages as well.
© 2009 Elsevier Inc. All rights reserved.Introduction
Spermatogenesis, theprocess bywhichmale germcells are formed in
the testis, is traditionally divided into three steps. In the ﬁrst step,
spermatogonia, male germ precursor cells, undergo mitotic divisions to
produce primary spermatocytes, which are diploid cells that are
committed to meiosis. During the second step, meiosis, each spermato-
cyte gives rise to four haploid round spermatids by two successive
divisions without an intervening DNA replication step. The differentia-
tion of round spermatids into elongated spermatozoa comprises the last
step of spermatogenesis, called spermiogenesis. This maturation step
consists of dramatic morphological and cellular changes. These include
chromatin condensation, removal of most of the cytoplasm as residual
bodies, acrosome formation, and the elongation of the sperm tail.
Spermatogenesis is a complex, tightly regulated process that is
executed by a large number of genes. This complexity is exempliﬁed
by the estimation that about 4% of the mouse genome is dedicated to
male germ cell-speciﬁc transcripts, not including the wide back-
ground of non-speciﬁc genes that are essential for spermatogenesisman Faculty of Life Sciences,
72 3 5351824.
c.il (S. Pietrokovski),
ll rights reserved.(Schultz et al., 2003). The targeted disruption of genes in mouse
models, the knockout strategy, has been most illuminating in the
context of understanding the role of speciﬁc genes in this fundamen-
tal process, identifying genes whose absence resulted in abnormal
spermatogenesis and infertility (O'Bryan and de Kretser, 2006).
Nonetheless, the relatively low number of such knockout models
limits the ability to draw a broad picture of the molecular network
that operates during the different stages of spermatogenesis.
Meig1 is a murine gene ﬁrst identiﬁed as a testis speciﬁc gene,
originally designated Meg1 (Don and Wolgemuth, 1992). Meig1
encodes two alternative transcripts, designated 2a2 and 11a2, both
of which encode for a common open reading frame (ORF) but differing
in their 5′ un-translated region (5′UTR) due to alternative promoters
(Ever et al., 1999). MEIG1 protein is a small conserved basic protein of
88 amino acids. At early postnatal days, a Ser/Thr phosphorylated
32 kDa dimeric form of the protein is most prominent, while at later
developmental stages, concomitant to the beginning of meiosis, a shift
to a higher mobility dimeric form of 31 kDa is detected (Chen-Moses
et al., 1997). This 31 kDa form, which is Tyr phosphorylated, enters the
nucleus of meiotic spermatocytes as they start meiosis, and binds to
the chromatin (Steiner et al., 1999). Overall, these data have led us to
propose a differential role for MEIG1 in the somatic and the germinal
cells of the testis, and to suggest that in spermatocytes MEIG1 is most
likely involved in the execution of meiosis.
159Y. Salzberg et al. / Developmental Biology 338 (2010) 158–167In the present study we ﬁrst examined the phylogenetic
distribution and sequence conservation of Meig1. We found that
Meig1 codes for a conserved protein and is present in the major phyla
of metazoa including the basal radial symmetry animals. Insects and
nematodes seem to have lostMeig1.Meig1 homologs are also present
in several species from a few deeply diverged taxons of basal
eukaryotes.
In the second part of this work we generated a line of Meig1-null
mice. Meig1-deﬁcient male mice were completely infertile. Histolog-
ical examination of testicular sections revealed that developing germ
cells rarely differentiate past the elongating spermatid stage in
Meig1−/− males. Scanning Electron Microscopy revealed that
Meig1−/− spermatozoa are highly deformed and possess none of
the correctly assembled structures normally present in mature
spermatozoa. The few cells that managed to reach the epididymis
were totally immotile. Thus, we conclude that Meig1 is a highly
conserved basal metazoan gene that is indispensable for mouse
spermatogenesis. It is important for normal meiotic differentiation
and absolutely crucial for terminal differentiation of spermatozoa.
Materials and methods
Bioinformatics
MEIG1 protein sequences of the indicated organisms were
extracted from the NCBI sequence and trace databases and from
organism-speciﬁc genome projects (Supplementary Table S1), and
aligned using Macaw and GLAM2 programs (Frith et al., 2008; Schuler
et al., 1991).
A dendrogram of the indicated organisms was calculated from
the nucleotide sequences of the MEIG1 proteins multiple alignment,
using the PHYML program (Guindon et al., 2005) as follows. PHYML
version 2.4.4 was run with four substitution rate categories and
other default parameters to estimate the Ts/tv ratio, gamma shape
parameter, and invariant proportion. The program was then rerun
with these values and parameters, performing a non-parametric
bootstrap analysis using 100 replicates. Branches with very low
bootstrap support values (≤30/100) were collapsed using the
TreeEdit v1.1 program (http://tree.bio.ed.ac.uk/software/treeedit).
Generation of Meig1-null mice
In order to completely abolish any expression of the Meig1 gene,
we omitted exons 3 and 4 (which are separated by a small intron of
∼3 kb) from the mouse genome. As a backbone for the targeting
construct we used the OSDUPDEL plasmid (kindly provided by Dr
Benny Motro, Bar-Ilan University) which offers both a positive
selection marker (neo cassette) and a negative selection marker
(Thymidine Kinase cassette). A 5′ and 3′ homology arms, each
spanning ∼3.7 kb, were ampliﬁed by PCR, using embryonic stem (ES)
cells genomic DNA as template, and cloned into the OSDUPDEL
plasmid. The primers used to amplify the 5′ homology arm consisted
of 5′-GAGCTACATGCCCAACACC-3′ as a forward primer, which is
located 5′ to an adjacent naturally-occurring NheI site,, and 5′-
GCAGACTACGCTAGCGCTGAGG-3′ as a reverse primer with an
introduced NheI site (underlined). For ampliﬁcation of the 3′
homology arm, the 5′-CCCCTCCTTTAATTAACCTGCCTAC-3′ forward
primer and the 5′-CAAGACAAGCTTTAATTAACTCCACAAC-3′ reverse
primer were used, into both of which a PacI site was introduced
(underlined). The 5′ and 3′ homology arms were inserted into the
OSDUPDEL plasmid at the NheI and PacI sites located in the
polylinkers 5′ and 3′ of the neo cassette, respectively. 100 μg of the
resulting knockout plasmid (designated OS_Meig1_KO) were line-
arized with NotI, and electroporated into R1 ES cells (of the 129
strain origin). 24 h after electroporation selection with the G418
antibiotic (200 μg/ml) was started and after an additional daynegative selection with FIAU (Ganciclovir analog, 0.2 μM) was
added. After 7 days of growth under double selective pressure easily
discernable colonies of ES cells appeared. These colonies (total
number of 230 colonies) were picked into 96-well plates, each
colony in a well. The colonies were grown for an additional week
before two aliquots of each colony were frozen and one aliquot was
taken for genomic DNA extraction and genotyping. Genotyping was
performed using long template multiplex PCR designed to identify
both the wild-type and targeted alleles in one reaction using a
mixture of 3 primers. For the 5′ region the three primers included
one forward primer located upstream of the 5′ homology arm (5′-
GTCATATCTCTAGCATAATAAAACTG-3′) and two reverse primers,
one speciﬁc for the deleted Meig1 sequence (5′-GTTTCTTCACG-
TACCCTGTCTCTGG-3′) and one speciﬁc for the neo cassette (5′-
CCACAGTCGATGAATCCAGAAAAGAGG-3′). For the 3′ region the
three primers included two forward primers, one speciﬁc for the
deleted Meig1 sequence (5′-CTGTACAGATTTCAACAAGCAGGATATC-
3′) and one speciﬁc for the neo cassette (5′-GCTGTGCTCGACGTTGT-
CACTGAAG-3′), and a reverse primer that is located downstream of
the homology arm (5′-GAACTCACTAGGTTGAACTTGATG-3′). All
reactions were performed with Expand Long-Template PCR System
(Roche) according to manufacturer's recommendations. Four posi-
tive clones were identiﬁed, two of which (clones 1b6 & 1h2) were
used further for the aggregation step. 1b6 and 1h2 R1 targeted ES
cells were mixed (separately) and let aggregate with blastocysts
originating from a BALB/c strain. About 24 h later, the aggregated
chimeric embryos were implanted into the uterus of a surrogate
mother. 16 chimeric males were obtained from the 1h2 aggregation.
These males, when crossed to wild-type BALB/c females, yielded
many heterozygote progeny, as was veriﬁed by multiplex PCR.
Crosses between two heterozygotes produced the ﬁrst generation of
Meig1−/− mice. Only 4 mice with very low chimerism were
obtained from the 1b6 aggregation, yielding no heterozygotes
after crossing to wild-type BALB/c.
All works involving ES culture and maintenance, aggregation and
implantation were carried out at the Veterinary Resources facility at
the Weizmann Institute of Science (Rehovot, Israel).
All institutional and national animal welfare laws, guidelines and
policies were strictly implemented.
Sperm counts and motility analysis
For spermatozoa collection, three months old male mice (either
Meig1−/−, Meig1−/+, or wild-type) were sacriﬁced by CO2 asphyx-
iation and the cauda epididymes, with part of the vas-deferens,
were rapidly removed and minced in 0.5 ml HM medium (modiﬁed
Krebs-Ringer bicarbonate medium). Cells were collected into a fresh
tube and counted under a Vanox microscope at a magniﬁcation of
×400. For motility analysis, sperm cells (107 cells/ml) were
incubated for capacitation in HMB medium. Samples (5 μl) were
placed in a standard count 4 chamber slide (Leja, Nieuw-Vennet,
Netherlands) and analyzed by CASA (computer-aided sperm
analysis) device with IVOS software (version 12, Hamilton-Thorne
Biosciences). Up to 10 sequels, 30 s long, were acquired for each
sample. Cells were analyzed according to parameters identifying
mouse sperm motility.
Scanning electron microscopy
Sperm cells, collected as mentioned above, were ﬁxed in
Karnovsky's ﬁxative for an hour at room temperature, followed by 3
washes with cations free PBS. A drop of the cell suspensionwas placed
on a poly-L-lysine coated glass disc, and the cells were left to adhere to
the disc for 1 h. The disc was then washed twice with PBS, cells were
ﬁxed in 1:1 PBS: OsO4 for 1 h, andwashed again (×3, 5min each) with
PBS. Disc was then washed sequentially in growing ethanol
160 Y. Salzberg et al. / Developmental Biology 338 (2010) 158–167concentrations, followed by washes with growing Freon concentra-
tions. The disc was then glued onto a metal ring where the cells were
coated with gold particles prior to examination with a JSM-840
Scanning Electron Microscope (JEOL).
Histological staining
Freshly dissected tissues were ﬁxed in 4% paraformaldehyde
overnight before parafﬁn embedding, sectioning and hematoxylin and
eosin staining according to standard procedures.
Apoptotic cells were assessed using the “In situ cell Death
Detection Kit, TMR Red” (Roche), following the manufacturer's
speciﬁcations. Brieﬂy, parafﬁn embedded tissue sections were
deparafﬁnized and rehydrated. Slides were then permeabilised by
incubation for 15 min in proteinase K (20 μg/ml at 37 °C), and
washed twice with PBS. The label and enzyme solution mix was
added to each slide, followed by incubation for 60 min at 37 °C in aFig. 1.Meig1 phylogenetic tree. A dendrogram calculated from the nucleotide sequences mu
PHYML program. Branches from nodes with very low bootstrap support values (≤ 30/100
Length of branches indicates extent of divergence. The ﬁgure was prepared using the FigTree
in Table S1.humidiﬁed atmosphere in the dark. Finally, slides were washed
twice with PBS, counterstained with Hoechst, washed again twice in
PBS and sealed. Positive control (generated by incubation with 50
units/ml DNase I for 10 min at room temperature prior to labeling
procedures) and negative control (where TdT was omitted from the
solution mix) were included in all experiments.
Results
Meig1 is evolutionarily conserved among metazoans
The evolutionary history of a gene often reﬂects its importance
and uncovers insightful details concerning its function. We thus,
conducted a comprehensive bioinformatic search for Meig1 ortho-
logs in determined and available sequence data from all types of
organisms. This included complete and partially determined
genomes, expressed sequence tags (ESTs) and mRNAs, and evenltiple alignment of the core conserved regions of Meig1 (Fig. 2 and Table S1), using the
) were collapsed. The remaining bootstrap support values are shown above branches.
program (http://tree.bio.ed.ac.uk/software/ﬁgtree). Organism abbreviations are listed
161Y. Salzberg et al. / Developmental Biology 338 (2010) 158–167raw sequencing traces data (Supplementary Table S1). Clear
homologs were found in almost all major animal phyla. This
includes various vertebrates, ranging from other mammals to ﬁsh
and the jawless lamprey, other bilateral animals such as cepha-
lochordates (amphioxus), tunicates, hemichordates, echinoderms,
platyhelminths (ﬂat worms), mollusks, and annelids (segmented
worms), and the earlier diverged radial-symmetry animals (Cni-
daria, sponges, Ctenophores and Placozoa) (Supplementary Table
S2). Interestingly, no Meig1 genes could be identiﬁed in the
extensive genomic and expressed sequence data (ESTs) currently
available for several diverse insects and nematodes. Both these
taxonomic groups belong to the Ecdysozoa clade. Nonetheless, a
Meig1 gene was found in the priapulid Priapulus caudatus, whose
phylum also belongs to this clade (Dunn et al., 2008; Wennberg et
al., 2008). Moreover, while no Meig1-like genes were found in fungi,
such sequences are present in few groups of earlier diverging
protist eukaryotes. Heterokonts (Stramenopiles) are a major
eukaryotic lineage that includes unicellular and multi-cellular (e.g.,
giant kelp) brown algae and unicellular parasitic oomycetes (water
molds). Members from both these sub-groups include Meig1
homologs (Supplementary Table S2): three Phytophthora and one
Pythium species of water mold plant pathogens, and Aureococcus
anophagefferens, a marine microalgae that causes toxic “brown tide”
blooms. Dinoﬂagellates are another large class, including unicellular
ﬂagellated cells. Meig1 ESTs were found in dinoﬂagellates from two
diverse orders: Oxyrrhis marina (Oxyrrhinaceae) and Karlodinium
micrum (Gymnodiniales)). An EST of a Meig1-like gene was also
found in Malawimonas californiana, a zooﬂagellate unicellular
organism belonging to a very deep eukaryotic branch (Simpson et
al., 2006). A dendogram calculated from the MEIG1 proteins
multiple sequence alignment (Fig. 1, Supplementary Table S2)
shows that the relation between the MEIG1 sequences corresponds
to the known taxonomy of the organisms they are found in. While
the resolution within invertebrates is low there is a ﬁne separation
in vertebrates and urochordates, and MEIG1 proteins from all the
early diverging eukaryotes are clearly separated from those of
metazoa. Moreover, all radial symmetry invertebrates that could be
examined for the presence of coding region introns (i.e., where
genomic sequence data was available) included an intron in a
speciﬁc point (Supplementary Table S2), and can thus be clusteredFig. 2. Logo view of MEIG1 conservation at the individual amino acid level. The 81-amino
Supplementary Table S2. Brackets with dots indicate positions at which insertions were foun
mammalian type intron, green for the radial symmetry animals type intron, and other colors
twice in the sequences tested.together. MEIG1 is thus a basal metazoan protein that was lost in
some invertebrate classes, and is present in a few lineages of early
diverging protists.
MEIG1 proteins have an 81-amino acid long conserved core
region covering almost all of the 88 amino acid long mammalian
MEIG1 proteins (Fig. 2, Supplementary Table S2). Only few introns
are present in MEIG1 coding regions (Fig. 2, Supplementary Table
S2). The position of the single mammalian coding region intron is
also occupied by an intron in most animal MEIG1 genes. Radial
symmetry animals (Cnidaria, sponges, Ctenophore and Placozoa)
have an additional coding region intron. The other ﬁve introns are
more speciﬁc, each occurring only once or twice in the sequences
we found. Of interest is the occurrence of an intron in the Pythium
water-molds at the same position as the radial symmetry animals
intron, while the Phytophthora water molds and Aureococcus
Stramenopiles do not have an intron at that position. Examining
the sequence conservation among metazoan MEIG1 proteins we
found that among the invariant and very highly conserved residues
are Cys75, through which MEIG1 dimerizes by creating a disulﬁde
bond (Chen-Moses et al., 1997), and some of the Tyr residues (Y25,
Y38, Y68, Y86 and Y88). Non-conserved MEIG1 regions are at the
distal parts of the sequence and at three internal regions (Fig. 2).
Metazoan MEIG1 proteins are hence highly conserved in sequence
and gene organization.
Generation and veriﬁcation of Meig1 knockout mutation
The ancient existence and high conservation of the Meig1 gene
implies an important physiological function forMeig1. Since this gene
is best studied in the mouse model, we sought to construct a mouse
line with a Meig1 targeted locus.
The mouse Meig1 genomic locus consists of four exons situated
on chromosome 2. Exons 1 and 2 contain the 5′ UTR of the 11a2
and 2a2 transcript, respectively, whereas exons 3 and 4 harbor the
common Meig1 ORF and 3′ UTR (Fig. 3A). Due to its constricted size,
it was feasible to delete exons 3 and 4 from the genome through
homologous recombination, thus entirely abrogating any expression
of both Meig1 transcripts. The knockout scheme is presented in Fig.
3B and described in details in Materials and methods. The absence
of Meig1 in knockout animals was veriﬁed at the DNA, RNA andacid long MEIG1 core region, as deﬁned through the multiple alignment depicted in
d in invertebrate MEIG1 proteins. Arrow heads indicate position of introns: red for the
as in Supplementary Table S2, for the sporadically located introns occurring only once or
Fig. 3.Meig1 knockout scheme and validation. (A)Meig1 genomic organization.Meig1 exons are presented as numbered boxes. The checkered area in exons 3 and 4 corresponds to
the open reading frame. The two transcripts, 2a2 and 11a2, are shown. (B) Replacement of exons 3 and 4 with a neo cassette. The wild-typeMeig1 locus is shown in the upper part,
with indication of relevant restriction sites and fragments used for knockout validation by Southern analysis. 5′ and 3′ Southern probes are marked by a thick line. After homologous
recombination with the targeting vector (middle part) a mutated allele is formed, shown in lower part, including the shifts in restriction fragment sizes after recombination. Neo—
Neomycine resistance cassette, TK—Thymidine kinase cassette. (C) Long-template PCR genotyping ofMeig1 null mice, identifying a size shift in the 3′ region of theMeig1 locus. (D)
Southern analysis of mouse tail DNA digested with either EcoRI or DraIII for the 5′ and 3′ probes, respectively. Upper panel relates to the 5′ probe, lower panel relates to the 3′ probe.
Band sizes before and after recombination are indicated to the left. (E) Northern analysis on total testis RNA, usingMeig1 cDNA as a probe, is shown in the upper panel. RT-PCR with
poly-dT as primer for ﬁrst strand synthesis followed by PCR ampliﬁcation of the Meig1 ORF fragment with speciﬁc primers, is shown in the lower panel. (F) Western blot analysis
with anti-MEIG1 polyclonal antibodies, of total testis lysate showing that the MEIG1 protein is not expressed in knockout testis. Anti-tubulin was used as equal loading control.
162 Y. Salzberg et al. / Developmental Biology 338 (2010) 158–167
Fig. 4. Analysis of sperm cells from Meig1 knockout males. (A) Sperm counts in
knockout versus heterozygous and wild-type control males. Spermatozoa were
released form 3-month-old freshly dissected epididymes and incubated for 5 min in
the releasing medium at 37 °C. Cells were then counted with a haemocytometer. Data
are mean of three independent experiments. n=3 for controls, n=4 for homozygotes.
Asterisk signiﬁes statistical signiﬁcance, pb0.05. (B) Motility rates of knockout and
control spermatozoa. Epididymal spermatozoa were released form 3-month-old
epididymides and incubated in HMB medium. Cells were then sampled and assayed
for motility using the CASA instrument. Results are mean of three independent
experiments. n=3 for controls, n=4 for homozygotes. Asterisk signiﬁes statistical
signiﬁcance, pb0.05.
163Y. Salzberg et al. / Developmental Biology 338 (2010) 158–167protein levels. At the DNA level targeting of the Meig1 locus was
demonstrated by both long template PCR and Southern blotting
analyses executed on genomic DNA extracted from tail tissue (Figs.
3C–D). At the RNA level, lack of Meig1 expression in knockout mice
was tested by both Northern analysis and RT-PCR, applied on testis
RNA samples (Fig. 3E). Finally, at the protein level, immunoblotting
using a polyclonal anti-MEIG1 antibody, also conﬁrmed the absence
of MEIG1 in protein extracts from knockout testis (Fig. 3F).
Meig1-deﬁcient male mice are infertile
Meig1-null mice were born at the expected Mendelian ratio,
developed normally to maturity and were externally indistinguish-
able from their control littermates. However, given the well-
documented and prominent expression of Meig1 in the testis, we
ﬁrst determined the basic fertility parameters (i.e. the ability to
impregnate females and litter size) for knockout males compared to
Meig1−/+ heterozygotes and wild-type control males. Each male
was caged with two wild-type females with proven fertility for up
to two months, monitoring the number of pregnancies and offspring
number per pregnancy. As summarized in Table 1, knockout males
were completely infertile, while their heterozygote siblings had no
problem to impregnate females during the same time interval, with
impregnation ratio and progeny numbers similar to wild-type. In a
similar experiment with knockout females (mated by wild-type
males) we found that the number of pregnancies and offspring per
pregnancy was comparable to their control heterozygote or wild-
type littermates. We concluded that Meig1 is indispensable for
male, but not female, fertility and that one normal allele is sufﬁcient
to confer male fertility.
Spermatogenesis is affected in Meig1−/− males
To address the possibility that male infertility in Meig1−/− males
is due to a defect in sperm production, we dissected cauda
epididymis from knockout and control littermates, allowed sper-
matozoa to be released into the medium for few minutes and then
counted the number of spermatozoa and analyzed their mobility.
Knockout males had only about 10% the amount of spermatozoa
compared to either heterozygote or wild-type control siblings (Fig.
4A). This result was independent of whether the cells were motile
or not, since this ratio remained the same when cells were forced
out of the epididymis mechanically. Moreover, the very few Meig1
−/− cells that were obtained looked under light microscopy to be
very unhealthy, displaying awkward shapes and broken tails
(Supplementary Fig. S1). To analyze the mobility of knockout
versus heterozygous or wild-type control spermatozoa, epididymal
cells were collected from 3-month-old males and assayed for
movement patterns with a CASA (Computer Aided Sperm Analyzer)
instrument. It was found that knockout spermatozoa were absolutely
immotile, in sharp contrast to the control cells (Fig. 4B and
Supplementary Video ﬁles 1-3).Table 1
Fertility assessment ofMeig1-null mice. Heterozygote (+/−) or knockout (−/−) male
mice (n=12) were caged for 2 months with 2 wild-type females each and
pregnancies/deliveries were recorded. Females that did not become pregnant were
checked for fertility by changing the male and again waiting for pregnancies to appear.
Heterozygote or knockout females (n=12) were caged in pairs with one wild-type
male for 2 months and pregnancies/deliveries were recorded.
Males Females
Genotype +/− −/− +/− −/−
Number of animals 12 12 12 12
pregnancies/mated females 21/24 0/24 11/12 10/12
Average number of progeny/pregnancy 9.1 0 9.2 8.4In an attempt to more accurately determine the aberrant
morphological differentiation in Meig1 knockout spermatozoa,
Scanning Electron Microscopic (SEM) analysis was performed.
This analysis revealed that while spermatozoa from heterozygote
males appeared normal, having a crescent shaped head, a spiraling
mid-piece indicative of the presence of mitochondria, and a long
tail (Figs. 5A, C, E), no healthy sperm cells could be detected in
knockout sperm samples. Instead, Meig1−/− cells had diverse
malformations of the heads, including bulbous and chaotic appear-
ance, as if undergoing a form of degeneration (Fig. 5B), or incomplete
crescent shape without the typical pointed tip (Figs. 5F–H). The
connecting piece between the head and tail frequently appeared
over-sized and swollen (Fig. 5G). The mid-piece, normally populat-
ed with many mitochondria in a spiraling fashion, appeared
disorganized (Figs. 5D, F) or simply empty (Fig. 5H). Finally, the
tail was frequently shorter than usual or broken. These results
indicate that in the absence of Meig1 spermatozoa often fail to
assemble properly shaped cellular compartments.
Next, we wanted to determine how early during spermatogenesis
developing sperm cells begin to deteriorate. To this end sections of
testis and epididymis from 2-month-old mice were stained with
Hematoxylin and Eosin. Testicular seminiferous tubules inMeig1-null
males contained all the early stages of spermatogenesis, including
pre- and post-meiotic spermatocytes, round spermatids and elongat-
ing spermatids. However, mature elongated spermatids and sperma-
tozoa were almost completely absent in knockout testis (Figs. 6A, B).
Accordingly, Meig1−/− corpus epididymis was found empty of
Fig. 5. Scanning electron microscopy (SEM) analysis of spermatozoa from heterozygote or knockout males. Cauda epididymal sperm was collected from freshly isolated epididymes
of 3-month-old males, ﬁxed and prepared for SEM analysis, as described in Supplemental Materials and Methods. (A, C, E) Meig1 heterozygote control cells. (B, D, F–H) Meig1
knockout. Scale bars: A, B—10 μm, C–H—5 μm.
164 Y. Salzberg et al. / Developmental Biology 338 (2010) 158–167spermatozoa (Figs. 6C, D). These results pointed at late spermio-
genesis as the differentiative stage at which the phenotypic
consequences of the absence of Meig1 are most apparent. However,
TUNEL analysis of post-natal day 30 testis parafﬁn sections, that in
normal wild-type animals exhibit the complete array of germ cells
(meiotic spermatocytes, haploid round spermatids and elongated
spermatids from the ﬁrst spermatogenic wave), clearly demonstrat-
ed an increase in apoptosis of germ cells, mainly haploid round
spermatids, in knockout mice compared to wild-type control
animals (Figs. 7A–C). Only few elongating spermatids were detected
in sections from knockout animals compared to wild-type animals.
These results suggested that the overall spermatogenic process isFig. 6. Histological analysis of testis and epididymis parafﬁn sections from wild-type and M
Hematoxylin and eosin-stained corpus epididymis sections. Scale bars=50 μm.delayed in Meig1−/− animals, and that germ cells from these mice
are more susceptive to apoptosis already in early haploid stages. To
test whether meiotic spermatocytes from Meig1 null mice also
exhibit increased apoptosis, we applied the TUNEL analysis to testis
sections from post-natal day 17 pup. At this post-natal age cells
from the ﬁrst spermatogenic wave reach the late pachytene stage
(Malkov et al., 1998). We found that indeed there is a substantial
increase in TUNEL positive cells in knockout pups compared to
wild-type control animals (Figs. 7D, E). Finally, to address the
possibility that the overall spermatogenic process is delayed we
followed the kinetics of the ﬁrst spermatogenic wave by ﬂow
cytometry. As can be seen in Fig. 8, there is an apparent delay ineig1 knockout mice. (A, B) Hematoxylin and eosin-stained testis sections (5 μm). (C, D)
Fig. 7. TUNEL analysis of testes sections (5 μm) from post natal day 30 (A–C) and post natal day 17 (D, E). Panel C shows the center of panel B with higher magniﬁcation. Note
increased apoptosis (red dots) in knockout mice. Scale bars=50 μm.
165Y. Salzberg et al. / Developmental Biology 338 (2010) 158–167knockout animals, as evident by the decreased percentage of 4n
spermatocytes in post-natal day 17 testes, and even more so by the
absence of haploid cells in post-natal day 21 testes of knockoutFig. 8. Flow cytometry analysis of the ﬁrst spermatogenic wave progression. Germ cells w
animals, at the indicated post-natal ages (d17—day 17; d21—day 21), according to the proc
cytometric analysis whereas the column chart at the lower panel summarizes the results (±
versus 6 wild-type d21 animals (individually tested). 1n—haploid spermatids, 2n—diploid c
cells at the G2 phase of the cell cycle (mainly primary spermatocytes). Asterisk signiﬁes stamice compared to about 10% in wild-type pups. We conclude that
although Meig1 is absolutely crucial for terminal differentiation to
spermatozoa, it is also important for normal meiotic differentiation.ere extracted from seminiferous tubules of wild-type (WT) and Meig1 knockout (KO)
edure described by Malkov et al. (1998). The upper panel shows a representative ﬂow
SD) of 8 knockout versus 8 wild-type d17 animals (individually tested) and 6 knockout
ells at the G1 phase of the cell cycle (mainly Sertoli cells and spermatogonia cells), 4n—
tistical signiﬁcance, pb0.05.
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The targetedmutation described in this study points atMeig1 as an
indispensable gene for proper sperm cell production and hence male
fertility. The observation that spermatogenesis seems to proceed
normally up to the late stages of spermatid differentiation places
Meig1's function at the end of spermiogenesis. Nonetheless, we have
previously shown that the Meig1 germ cell-speciﬁc transcript ﬁrst
appears at post-natal days 10–12, as spermatocytes enter meiosis, and
that the protein enters the nucleus and attaches to the chromatin in
distinct foci in these cells (Ever et al., 1999; Steiner et al., 1999),
suggesting thatMeig1 is involved primarily with meiosis. It is possible
that due to the transcriptional silencing that occurs later in
spermatogenesis, Meig1, like many other late-acting spermatogenic
genes (Kleene, 1996), is indeed expressed as early as in primary
spermatocytes although it actually functions during late spermiogen-
esis. A notable example of such a case is the report regarding different
axonemal-related transcripts that were found to be transcribed in
spermatocytes as they enter the pachytene stage of the ﬁrst meiotic
prophase, although their protein is required much later during
spermiogenesis (Horowitz et al., 2005). This explanation, however,
does not satisfactorily addresses the question of why would the
protein enter the nucleus and bind the chromatin at a stage where it is
not needed.
Our bioinformatic analysis revealed that Meig1 is a highly
conserved metazoan gene.Meig1 appeared long before spermatogen-
esis has evolved, thus it must have had an ancient, more basic role
than during spermiogenesis. We therefore propose that in addition to
the evolving spermiogenic function of Meig1, it might as well have
other roles earlier during meiosis, which are not manifested in the
knockout perhaps due to compensation by an unknown gene or
genes, or because an earlier defect is phenotypically projected only
later during spermiogenesis. An example for a similar bipartite role
during spermatogenesis has been reported for the poly-ADP ribose
polymerase 2 (PARP-2) gene, where its knockout phenotype
appeared, at ﬁrst glance, to ensue from an arrest during late
spermiogenesis, similar to what we see for Meig1 (Dantzer et al.,
2006). However, these authors report that careful examination
revealed earlier defects during meiosis, including improper sex
chromosome inactivation, lower number of MLH1 foci, that represent
sites of chiasmata, and abnormal spindle conﬁguration that leads to
mis-segregation of chromosomes at metaphase I. Our results
regarding the delayed kinetics of the ﬁrst spermatogenic wave,
including meiosis, as well as the increased TUNEL-positive sperma-
tocytes and early haploid spermatids, in knockout males, support the
notion that theMeig1 gene plays a role at different stages throughout
spermatogenesis. Nevertheless, additional investigation is required to
determine the precise role it plays at each spermatogenic stage.
We have shown in this study that the few germ cells that have
managed to reach the epididymis in Meig1−/− males suffered from
massive disorganization. The most striking defects were seen in the
head-neck area. Sperm heads often lost the tipped crescent shape. The
mitochondrial spiraling sheath, that provides the driving-force for
ﬂagellar motion, was often absent or mislocalized, and tails were
commonly shorter, broken or detached. These observations suggest
involvement of the MEIG1 protein in cellular and/or chromatin
reorganization processes. With this respect, it is interesting to
mention that the MEIG1 protein has been shown, via 2-hybrid
analysis, to directly interact with one of the two protein isoforms
encoded by the PF20 gene, the 35 kDa isoform that appears in post-
meiotic spermatids and is localized mainly to their nucleus (Zhang et
al., 2004, 2002). Highly chimeric mice carrying a mutant Pf20 allele
had impaired spermatogenesis with a signiﬁcant apoptotic loss of
germ cells at the round spermatid stage. Epididymal sperm collected
from PF20 chimeric males exhibited disorganized bent tails. These
ﬁndings, together with the increased apoptosis seen during all stagesof spermatogenesis, suggest that PF20 and Meig1 act together during
spermatogenesis, inﬂicting upon nuclear events and morphological
differentiation.
Two gene knockouts that were reported to result in morphological
damage to sperm heads and tails similar toMeig1 are PARP-2 (Dantzer
et al., 2006) and Camk4 (Wu et al., 2000). Both genes share in
common a deﬁned role as mediators of the chromatin reorganization
which is necessary for sperm nuclear condensation. PARP-2 poly-
merizes ADP-ribose units onto different nuclear proteins, mainly
histones, in response to DNA damage, leading to chromatin relaxation
and recruitment of base-excision repair proteins (Huber et al., 2004;
Masson et al., 1998). In spermatids it has been suggested that
transient ADP-ribose polymer formation by PARP-1 and PARP-2
facilitates DNA strand break management required for alterations in
DNA topology prior to nuclear condensation (Meyer-Ficca et al.,
2005). Camk4 Ser/Thr kinase (Calcium/calmodulin-dependent pro-
tein kinase 4) expression in the testis is conﬁned to nuclei of
elongating spermatids, where it associates with the chromatin and
nuclear matrix. In Camk4−/− males, the sequential deposition of
sperm basic nuclear proteins on spermatid chromatin (histones to
transition proteins and then to protamines) has been shown to be
disrupted, with a speciﬁc loss of protamine-2 (an in-vivo substrate of
Camk4) and prolonged retention of transition protein-2 (TP2) in step-
15 spermatids (Wu et al., 2000). The nuclear expression and increased
MEIG1-chromatin interaction, that starts as spermatocytes enter
meiosis and lasts throughout spermiogenesis, together with the
resemblance in knockout sperm morphological phenotype between
Meig1 and these two chromatin reorganizing genes, may reﬂect
involvement in similar processes. Moreover, the MEIG1 protein
contains a consensus site for Camk4 phosphorylation, which holds
promise for a possible molecular link that places the two proteins in a
common pathway. Further investigation is required to either validate
these as of yet hypothetical suggestions or pinpoint other functions.
Of special interest is the apparent absence of the Meig1 gene from
all known genomes of insects and nematodes. Whether the role
played by Meig1 in the mouse and other animals is non-essential in
these ecdysozoa phyla or is executed by different proteins is yet an
open question. SinceMeig1was found in a Priapulid, not all ecdysozoa
phyla are missing this gene. The limited knowledge of spermatogen-
esis in different ecdysozoa does not enable us to suggest a common
trait shared by nematodes and insects that could account for the
absence of Meig1. On the contrary, spermatogenesis probably differs
between these two phyla, and perhaps within the Priapulids as well
(Ferraguti and Garbelli, 2006). Drosophila sperm, for example,
resembles the overall structure of mammalian sperm (Hochstenbach
and Hackstein, 2000), whereas nematode sperm cells are amoeboid,
devoid of a tail and move using pseudopods (Ellis and Kimble, 1994;
Bottino et al., 2002). Therefore, the absence of Meig1 from these
genomes per se is not informative enough to allow the deduction of
Meig1's role in other animals.
The presence of Meig1 homologs in eukaryotic taxa that predate
metazoa by a long time also indicates it must have, at least in these
organisms, a function unrelated to spermatogenesis. The origin of
these Meig1 genes is unclear. While it was not found in the available
sequences of all taxons that diverged prior to the emergence of the
metazoa, it is present as a clear cluster (Fig 1) in few members of
Dinoﬂagellates and Stramenopiles. In the later phyla,Meig1 homologs
are present in ﬁve species from 3 distinct taxons (Phytophthora,
Pythium and Aureococcus), but are apparently absent from the
sequenced genomes of two different diatoms Phaeodactylum tricor-
nutum and Thalassiosira pseudonana (Armbrust et al., 2004; Bowler et
al., 2008). This pattern could be the result of gene loss events or a
horizontal gene transfer to a basal Stramenopile.
Finally, the mouse and human MEIG1 proteins are practically
similar, with 88% identity and 98% similarity. It is therefore reasonable
to assume that MEIG1 mutations in humans may cause fertility
167Y. Salzberg et al. / Developmental Biology 338 (2010) 158–167problems in men. It would be interesting to screen genomic DNA
samples from men diagnosed with idiopathic oligospermia or
azoospermia for MEIG1 mutations that may be the cause of these
medical conditions.
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